Most functional magnetic resonance imaging studies use linear models to predict the measured response by convolution of an impulse response with the stimulus profile. Using very short visual presentation times (Ͻ2 s), deviation from the linear model in the measured BOLD data from the human brain was found for the response integral, amplitude, and width. In this study, high temporal and spatial resolution were used to quantify nonlinear effects and investigate the spatial dependence. Data at 4 Tesla showed at short stimulus duration a nonlinearity, i.e., deviation from a linear model, with an index up to 400%, whereas data at 7 Tesla exhibited a nonlinearity index up to 40%. The effect was more pronounced for response amplitude than for response area. A reduced width and sharpening of responses at shorter stimulus duration was also found. A voxel-based analysis of 7 Tesla data with 1.2 ϫ 1.2 ϫ 2 mm 3 resolution revealed a correlation between response onset and nonlinearity index. This suggests that the nonlinearity effects are a tissue-specific phenomenon and are likely to be more localized to the site of neuronal activity. The observed magnetic field dependence and the demonstrated nonlinearity in the response width support the hypothesis that the source of the nonlinearity at short stimulus duration has a considerable hemodynamic contribution. The nonlinearity was modeled as a "switch"-type initial hemodynamic response onset. Understanding these nonlinearities in the BOLD response is important for design and the analysis of rapid event-related fMRI experiments with brief stimulus presentations.
Introduction
Most fMRI studies use linear models to predict the measured BOLD response based on the convolution of an impulse response function with the stimulus profile. Experimental evidence for the presence of a linear, time-invariant relationship between the stimulus and the BOLD response has been reported (Boynton et al., 1996) . On closer look, systematic deviations from the linear model-termed "nonlinearities"-were found and investigated using various approaches including deconvolution, Volterra kernels, and the Bayesian technique (Savoy et al., 1995; Vazquez and Noll, 1998; Glover, 1999; Friston et al., 2000; Kershaw et al., 2001) . Accurate modeling of the nonlinearities in the BOLD response is especially critical for rapid event-related designs using short randomized presentation times (Hinrichs et al., 2000) . Interactions between rapid brief stimuli and refractory periods have been found (Huettel et al., 2000; Ogawa et al., 2000) , but have not been specifically modeled or accounted for in most of the common fMRI analysis.
Correlation of BOLD data with measurements of neural activity via somatosensory evoked potentials (SEP) (Ogawa et al., 2000) , visual evoked potentials (VEP) (Janz et al., 2001) , or local field potentials (LFP) from simultaneous electrophysiological recording (Logothetis et al., 2001 ) provides a link between brain activity and the BOLD response.
These studies reported linear relationships between BOLD data and electrical potentials measured. However, Ogawa et al., (2000) reported that the nature of the linear relationship changes with stimulus separation. Sources of nonlinear relationships were found between stimulus and neuronal response, neuronal activation and blood flow response, and blood flow and the BOLD response (Ances et al., 2000; Yang et al., 2000; Mechelli et al., 2001; Miller et al., 2001 ). In addition, evidence of a spatial dependence of the nonlinearity has been reported (Kershaw et al., 2001; Birn et al., 2001) .
The goal of the present study was to investigate BOLD nonlinearities in the human brain for very short visual stimuli with stimulus durations (SD) at or under 2000 ms. High spatial and temporal resolution was used to investigate the tissue specificity and spatial dependence of the nonlinearities. Signal-to-noise gains at a high magnetic field of 7 Tesla made a voxel-based analysis feasible at a 1.2-mm spatial and 125-ms temporal resolution. With further studies at 4 Tesla, an influence of the magnetic field strength on the observed nonlinearities was tested to demonstrate that, at short SD, the response nonlinearity has a considerable hemodynamic contribution (in addition to its possible neural origin) and thus must be accounted for in event-related fMRI paradigms.
Preliminary results of this work have been published in abstract form (Pfeuffer et al., 2000a,b,c; Pfeuffer et al., 2002a) .
In this paper, we defined the term "nonlinearity" as the nonconformity of the BOLD response to the linear model with zero intercept. If response parameters, for example the response amplitude, change in a linear fashion with alterations in SD, but if as SD approaches zero there a residual amplitude exists, this is considered a nonlinear behavior.
Methods

Modeling
For comparison of the experimental results with theoretical predictions, a linear model was used to simulate the hemodynamic responses to brief stimuli. Although other models have been proposed to predict nonlinear relations between stimulus and response (Friston et al., 2000; Miller et al., 2001 ), they do not include the nonlinear threshold-like behavior of the very brief stimuli used in this study. Stimuli were chosen with duration ranging from 0.25 to 10 s and convolved with the impulse response function I, chosen to be a Gamma function, I Gamma ϭ t^b exp(Ϫt/c),
Using the parameters b ϭ 8.6, c ϭ 0.547 (Cohen, 1997) , the impulse response I Gamma has an onset of 2 s, time-to peak of 4.7 s, and a width of 3.8 s (I Gamma WIDTH ). The responses R(t) with increasing SD are shown in Fig. 1a (left column). The simulated responses were processed in the same way as the experimental results; the response "area" was the positive integral, the response "amplitude" was the maximum signal, and the response "width" was the full width at half maximum ( Fig. 1b-d ). In the limit of brief stimuli (SD 3 0), valid for SD smaller than the width of the impulse response I Gamma WIDTH , the response area and amplitude increases linearly with SD and the response width is 25, 0.5, 1, 2, 4, 6, 8, and 10 s (SD) were convolved with a standard impulse response "resp" (gamma function) to produce the response predicted from a linear system [Eq.
Analysis of the responses in a using the positive integral of the response (area), maximum signal of the response (amplitude), and full width at half height of the response (width). In addition to the stimuli with constant height (left column), a neural adaptation function was introduced in Eq. (2) with a decay constant of 1 s (right column). Asymptotical behavior is indicated with dashed lines. For brief stimuli (SD ϽϽ 4 s), the response area and amplitude are approximately linear with duration and the response width is approximately constant, which is valid for both models. approximately constant. For SD Ͼ Ͼ I Gamma WIDTH , the response amplitude becomes constant, whereas the response area and width increase linearly with SD.
An extension of the linear model can include a neural modulation function N(t), which in its simplest case is an amplitude adaptation (Boynton et al., 1996; Miller et al., 2001) . The neural response to the stimulus S(t) can be related nonlinearly, but this relationship is not considered in the present study, as our experimental methods do not directly assess the neural response function. In our modeling (Fig. 1, right column) , we used N(t) ϭ d ϩ e ⅐ exp(Ϫt/) with d ϭ 1, e ϭ 3, and ϭ 1 s, which are taken from the measured LFP signal in the monkey visual cortex (Logothetis et al., 2001) :
Like models with no neural adaptation, the response area and amplitude are approximately linear with respect to duration and the response width is approximately constant for brief stimuli (SD 3 0). The time period of the transition of the asymptotic behavior between short SD and long SD is shifted toward short SD. Also, the change of the response area at short SD is influenced by the neural adaptation function (Fig. 1) , thus deviating from direct proportionality.
With the extended modeling of the neural function N(t), it is obvious that the dependency of asymptotes and breakpoints on SD changes for each particular set of parameters. Therefore the nonlinearity defined as the "deviation of experimental data from the posed linear model" will change, too. The main conclusion from the simulations above is that area and amplitude increase approximately linear with SD (for short SD), and that this is valid even for more extended models using neural adaptation. Furthermore, in all cases, the response amplitude and area approach zero as SD approaches zero.
Data acquisition
MR imaging of the human visual cortex was performed on a 4 Tesla/90 cm and on a 7 Tesla/90 cm horizontal bore magnet interfaced to a Varian INOVA console (Varian Inc, Palo Alto, CA, USA). The 4 Tesla system is equipped with a Siemens body gradient set driven by a Siemens Sinfony 2000 V/500 A gradient amplifier (Siemens, Erlangen, Germany) capable of generating 40 mT/m with a rise rate of 100 mT/m/ms. The 7 Tesla system is equipped with a Magnex head gradient set driven by a Siemens Harmony/ Sinfony 800 V/300 A gradient amplifier capable of generating 40 mT/m with a rise rate of 200 mT/m/ms. For increased signal-to-noise ratio in the occipital cortex, curved quadrature surface coils with two partially overlapping 7 to 8 cm diameter loops were used for radiofrequency transmission and reception at 170 and 300 MHz, respectively . Localized shimming was done using FAST(EST)MAP (Gruetter and Tkac, 2000) .
A blipped gradient-echo EPI sequence was used for rapid image acquisition. In the study at 4 Tesla, sagittal singleshot images were acquired with a voxel size of 3.1 ϫ 3.1 ϫ 6 mm 3 and a repetition time of 100 ms (FOV 20 cm, 64 ϫ 64 matrix, TE ϭ 25 ms, single slice). In the study at 7 Tesla, sagittal single-shot images were acquired at a spatial resolution of 1.2 ϫ 1.2 ϫ 2 mm 3 and a temporal resolution of 125 ms. Using the zoomed imaging technique BISTRO (Luo et al., 2001; Pfeuffer et al., 2002b) , the FOV was reduced to 15.4 ϫ 4.8 cm 2 (128 ϫ 40 matrix, TE ϭ 20 ms, single slice). The readout duration was 0.82 ms per line and 33 ms total. With the measured T2* of 25 ms at 7 Tesla ) and the EPI parameters used here, the FWHM corresponding to the T2* filter in the magnitude images was 0.73 pixels.
For monitoring of the physiological data, the respiratory signal (pneumatic belt around the subject's upper abdomen) and the cardiac signal (pulse oximeter on the subject's finger) were recorded in both studies.
Subjects and paradigm
A total of 13 normal subjects (seven in the 4 Tesla and six in the 7 Tesla study) were enrolled in this study, approved by the institutional review board at the University of Minnesota. All subjects provided written consent. For stimulation of the full visual field, flashing LED goggles (Grass Instruments, Quincy, MA, USA) were used with a flicker rate of 8 -10 Hz. In the study at 4 Tesla, five different stimulus durations were presented (SD ϭ 100, 200, 400, 800, and 1600 ms). To test for optimum contrastto-noise ratio, a series with different intertrial intervals from 4 to 24 s was acquired. For the studies, an intertrial interval of 12 s was used, which provided maximum contrast-tonoise per unit time. An undershoot in the BOLD response might underestimate the response area and amplitude after averaging trials, but the short intertrial interval was used to achieve sufficient signal-to-noise for voxel-wise analysis. In the study at 7 Tesla, four different stimulus durations were presented (SD ϭ 250, 500, 1000, and 2000 ms) with an intertrial interval of 18 s. The latter was increased to provide an improved baseline definition before and after the BOLD response.
For each SD, an event-related series of 16 trials was presented and repeated at least once (20 s control at the series start, total time per series 4 -5 min). After exclusion of two studies at 4 and 7 Tesla, each due to gross head motion within and between series, a total of 50 series at 4 Tesla and 28 series at 7 Tesla were included in the data analysis.
Data analysis
After correction for respiration-induced dynamic offresonance using DORK (Pfeuffer et al., 2002c ) and a phase correction using the reference scan, a discrete Fourier transformation was applied to reconstruct the images. The reconstructed image series were analyzed with STIMULATE (Strupp, 1996) and with routines written in PV-Wave (Visual Numerics, Inc., Boulder, CO, USA). The time series were screened for head motion of the volunteer using "center of mass" detection. Series with obvious gross motion and series in which first and last images were shifted more than a voxel were excluded. No motion correction was used.
Statistical maps were generated from the fMRI time series based on an event-related analysis using a timeshifted cross-correlation (cc) of the stimulus with a reference function [Eq. (1)]. Before testing, each image series was linearly detrended, averaged over the 16 epochs, and normalized to the mean of the baseline periods. The reference function was defined based on the response of significantly activated pixels identified by correlation analysis using a Gamma function as impulse response (Cohen, 1997) . This response was found to have a smaller response width than reported by Cohen (1997) . A time-shifted crosscorrelation analysis using the reference function resulted in cc and onset maps, which were defined by the time lag with the maximum cc value.
To determine the spatially averaged time courses for different series, a threshold was used for the cc maps that led to n activated voxels. The signal was averaged over these n voxels, which was done for all the series with different SD. For the 4 Tesla data with 3.1 ϫ 3.1 ϫ 6 mm 3 resolution, n was 150 -corresponding to approximately 0.6 Ͻ cc Ͻ 0.8. For the 7 Tesla data with 1.2 ϫ 1.2 ϫ 2 mm 3 resolution, n was 400 -corresponding to approximately 0.5 Ͻ cc Ͻ 0.7. The response area was determined by integration of the positive response, the response amplitude was calculated from the peak of the response, and the response width was the full-width at half maximum. Response area and amplitude were normalized to the value at the largest SD, which was 1600 ms in the 4 Tesla study and 2000 ms in the 7 Tesla study.
All series of the 7 Tesla study were analyzed on a single-voxel basis to determine a spatially dependent parametric characterization of the BOLD response. Because the signal-to-noise ratio in high spatial resolution data was low Fig. 4 . The BOLD response to stimuli with duration of 250, 500, 1000, and 2000 ms (four subjects, 28 series, 16 trials per series, 7 Tesla study) was investigated using the response area (a), amplitude (b), and width (c). Response area and amplitude were normalized to the value at longest SD of 2000 ms and subsequently fitted by linear regression as indicated by the solid lines and 95% confidence bands. Predicted curves from a linear model according Fig. 1 are shown as dotted lines, which are approximately linear with SD for the response area and amplitude and which are approximately constant for the response width. The experimental results indicate a significant deviation from the linear model (nonlinearity index NL), which is most obvious in the limit of SD 3 0 (indicated by the circles). The response area was increased at short SD corresponding to a relatively larger response amplitude and a relatively smaller response width, consistent with a sharper response. at the single-voxel level, spatial smoothing with a 2 ϫ 2 voxel boxcar filter was applied prior to analysis of spatial dependency. Fig. 2 shows the determination of the peak area for a single voxel using a cumulative integration of the time course. The baseline was defined at time points before and after the hemodynamic response (indicated by bars at t ϭ [Ϫ3,1] s and [15,18] s in Fig. 2) . The area was taken at the time point where the response crossed zero (indicated by the dotted line in Fig. 2 ). Noise effects were diminished because the cumulative integral acted as an intrinsic low-pass filter. Furthermore, no model for the response shape had to be assumed for determination of the area. Requirements included a proper baseline ("zero area") definition and the assumption that the response area is sufficiently characterized by the positive integral. Alternatively, to include poststimulus undershoots, the integral at a fixed end point, for example at t ϭ 18 s, could have been used. Further characterization of the BOLD response included determination of the onset (time where response integral is larger than three standard deviations from the baseline), and a Gaussian line fit for amplitude and width. After temporal low-pass filtering (Ͻ 0.8 Hz) and spatial boxcar averaging with a 2 ϫ (Fig. 4) with high spatial resolution (1.2 ϫ 1.2 ϫ 2 mm 3 ) and SD of 250, 500, 1000, and 2000 ms (left column) and from studies performed at 4 Tesla with low resolution (3.1 ϫ 3.1 ϫ 6 mm 3 ) using SD of 100, 200, 400, 800, and 1600 ms (right column). Response amplitude revealed a much higher nonlinearity than the response area, consistent with a relatively increased negative nonlinearity for the response width. The data of the studies performed at 7 and 4 Tesla demonstrate that the deviation from linearity is approximately a factor of 10 larger at lower magnetic field. In contrast, the nonlinearity in the response width was more pronounced in the study at 7 Tesla. 2 voxel size, averaged time courses of single voxels were used to determine time-to-peak, peak maximum, response width.
Nonlinearity metric
As a measure for nonlinearity, a nonlinearity index was calculated to represent the deviation from the linear model in a single number, possibly independent of the number of SD measured. The nonlinearity index for response area, amplitude, and width (NL AREA , NL AMP , NL WIDTH ), was defined as AREA and onset was found as indicated by the solid line with the 95% confidence bands (c). The adjacent cross correlation coefficients (see Fig. 3 ) were used as weights in the regression, also corresponding to the size of the symbols in (c). Using single-voxel analysis, NL AREA was found to be up to 40%, clearly indicating a spatial distribution of the nonlinearities, which are likely to be tissue specific. Voxels with earlier onset exhibited a large nonlinearity; voxels with late onset showed nearly no deviation from linearity. which is the difference between the experimental and theoretical values obtained by extrapolation to SD 3 0. As a reference, response parameters were normalized to SD max (for example, 2000 ms) and fitted by linear regression to determine the intercept for SD 3 0. A resulting NL index of 20% means that as SD 3 0 the absolute deviation from the value predicted by the linear model is 20% of the reference value at SD max . A second metric for nonlinearity was derived by calculating the relative deviation of the parameters from the linear model for each SD:
Induced by the division of R theo (SD), the effect of deviations at small SD is more dramatic, because a generic hyperbolic dependence is implied with a singularity at SD ϭ 0. However, one has to note that errors also increase for smaller SD.
For the generation of nonlinearity maps, the first metric using absolute deviation was used and corresponding NL AREA values were determined for each voxel.
Results
Typical BOLD responses to short visual stimuli at 7 Tesla are shown in Fig. 3a . The amplitude and area of the response decrease with SD. Anatomical FLASH and EPI images in the sagittal slice of the visual cortex are shown in Fig. 3b and c. The cross-correlation and onset maps in Fig.  3d and e were calculated from an experiment with 2000-ms stimulation. The activation pattern is aligned along the gray/ white matter border and follows the gray matter of the cortex. Highest cc values (yellow) were found between gyri which can be attributed to BOLD signal from vessels. The voxels with highest cc values were often found to have a later onset (Ͼ 3 s; yellow) compared to voxels in the gray matter, which had an earlier onset (red pixels in the onset map).
Nonlinearities at 7 Tesla in area, amplitude, and width
The results from the high-resolution study at 7 Tesla (1.2 ϫ 1.2 ϫ 2 mm 3 ) are shown in Fig. 4 . The response area and response amplitude were normalized to the value for the largest SD of 2000 ms and plotted vs SD. The expectation from a linear model [Eq.(1)] would be a straight line through zero, which is indicated by the dotted lines in Fig.  4a and b. Clearly, there is a significant deviation from the linear model. Both the area and response amplitude are considerably larger at short SD than predicted by the linear model. To determine the absolute deviation from linearity, the nonlinearity index was determined with linear regression according to Eq.(3). The resulting fit is indicated in Fig.  4 by the solid line with the 95% confidence bands. The nonlinearity index corresponds to the intercept of the linear regression as SD 3 0. NL AREA was (7.6 Ϯ 1.8)%, R ϭ 0.98 and NL AMP was (20.0 Ϯ 2.2)%, and R ϭ 0.97 (n ϭ 28, 7 Tesla data). In addition, the dependence of response width on SD was determined (Fig. 4c) , where the dotted line represents the predicted curve from a linear model. The width was smaller than expected for all measured responses. NL WIDTH was (Ϫ35 Ϯ 3)%, R ϭ 0.75. This means that in the limit of SD 3 0 the response width was only about 3 s in contrast to the response width of 4.75 s at SD ϭ 2000 ms. A linear model would have predicted minimal change of the response width in the range of SD from 0 to 2 s.
In summary, the 7 Tesla data indicate that the area of the BOLD response was relatively larger at short SD than at long SD. The effect on the response amplitude was even larger, which-together with a decreased response width-is consistent with a "sharper" BOLD response for stimuli with very short SD.
Comparison of nonlinearities at different field strengths
Similar analysis was performed for the study done at 4 Tesla with 3.1 ϫ 3.1 ϫ 6 mm 3 resolution (n ϭ 50, data not shown). The corresponding NL AREA was (30.0 Ϯ 2.6)%, R ϭ 0.87, NL AMP was (37.0 Ϯ 2.1)%, R ϭ 0.90, and NL WIDTH was (Ϫ13.5 Ϯ 2.5)%, R ϭ 0.34. For a further comparison of data acquired at a different magnetic field, motor data from a finger tapping experiment at very short SD were taken from a study performed at 1.5 Tesla (Glover, 1999) . A similar analysis provided the nonlinearity indices for response area, amplitude, and width. A comparison of the results from 7, 4, and 1.5 Tesla data is shown in Table  1 . The 7 Tesla data exhibited the least nonlinear characteristics for response area and amplitude. Consistently, NL AREA and NL AMP increased at lower field strength. Also across fields, the nonlinearity in the response amplitude was consistently larger than the nonlinearity in the response area. In contrast, the nonlinearity of the response width was most prominent at 7 Tesla, which was also the study with Note. The nonlinearity index NL is given in percent as calculated by Eq.(3).
a SD max ϭ 2000 ms, n ϭ 28, voxel size 1.2 ϫ 1.2 ϫ 2 mm 3 , full-field flicker (visual), b SD max ϭ 1600 ms, n ϭ 50, voxel size 3.1 ϫ 3.1 ϫ 6 mm 3 , full-field flicker (visual), c SD max ϭ 2000 ms, n ϭ 4 (averaged time courses of five subjects), voxel size 2.2 ϫ 2.2 ϫ 5 mm 3 , finger tapping (motor), data taken from Glover, 1999, Fig. 3A. highest spatial resolution. These observations of amplitude, area, and width are consistent, because the area of the response is approximately equal to the product of amplitude and width. Assuming a comparable area, a response with smaller width has a relatively increased amplitude. At 7 Tesla, NL AREA is small, therefore a large increase in NL AMP is coupled with a much "sharper" response and a larger NL WIDTH . At 4 Tesla, NL AMP is only slightly larger than NL AREA , and therefore NL WIDTH is expected to be smaller than at 7 Tesla. Unfortunately, not as many data points were available at 1.5 Tesla (n ϭ 4) to demonstrate this trend.
A second method of comparison of the nonlinearity parameters is demonstrated in Fig. 5 using the relative deviation, as opposed to absolute deviation, from linearity according Eq. (4). The percentage of deviation from the linear model is given with standard error bars for each SD. The left column in Fig. 5 shows the nonlinearities in area, amplitude, and width for the 7 Tesla data in comparison with the equivalently processed 4 Tesla data (right column). Note that the scale for the 4 Tesla data is increased fivefold; the deviations from the expected area and amplitude are much higher at 4 Tesla ( Fig. 5a and b) . As discussed above, the nonlinearity was larger for the response amplitude than for the response area; at 7 Tesla, the value of NL relative AMP (250 ms) is more than double the value of NL relative AREA (250 ms). At 4 Tesla, NL relative AMP is still larger than NL relative AREA , but does not exhibit such a prominent difference as the data at 7 Tesla. Similarly, NL relative WIDTH is larger at 7 Tesla and shows a larger sharpening for very brief stimuli than at 4 Tesla. The lower spatial resolution in the 4 Tesla data could explain a less pronounced difference between NL AREA and NL AMP by partial volume effect and response variability.
Spatial dependence of nonlinearities
So far, the BOLD responses to brief stimuli have been analyzed for nonlinear behavior looking at the spatial average over many activated voxels. To determine a parametric characterization of the nonlinearity with spatial differentiation, the series of the data at 7 Tesla was temporally averaged over the 16 trials and then analyzed on a voxel-wise basis. The single-voxel area of the response was determined as described in the Methods section. Using a linear regression of the data at different SD, a voxel-wise nonlinearity index NL AREA was determined. Fig. 6a shows this nonlinearity map, where values with low NL AREA (Ͻ5%) are colored yellow and values with high NL AREA (Ͼ15%) are colored red. It is obvious that lower and higher values of NL AREA are not randomly intermixed, but appear to be clustered. Furthermore, the spatially resolved nonlinearity information shows a wide span of NL AREA values up to 40%, which is significantly higher than the voxel-averaged value of about 8%. Mean Ϯ standard deviation was (9 Ϯ 18)%.
A visual comparison with the onset map in Fig. 6b indicates that many clusters in the nonlinearity map are similar to clusters in the onset map. In Fig. 6c NL AREA , each voxel is plotted against the corresponding onset time. The square symbols were sized according the corresponding cc value (taken from Fig. 3d ), a larger size indicating a larger cc value. A cc-value weighted linear regression of nonlinearity index vs onset time was performed, which showed a significant linear correlation (R ϭ Ϫ0.25, P Ͻ 10 Ϫ4 ). The slope and intercept of NL AREA vs onset time (T onset ) were (Ϫ6.37 Ϯ 0.07)%/s and (23.5 Ϯ 0.2)%, respectively. This means that BOLD responses with 2 s onset had on average a nonlinearity index of 11% and BOLD responses with 3 s onset had a nonlinearity index of only 4%. Responses with a later T onset revealed less nonlinearity.
Discussion
Nonlinearities of the BOLD response to short visual stimuli were found in the response area and amplitude as well as in the response width being consistent with a sharper BOLD response at shorter SD. The nonlinearity in area and amplitude was much less pronounced at 7 Tesla than at 4 Tesla. The nonlinearity in the response width was in contrast much larger at higher magnetic field, which might be a partial volume effect due to the necessary larger voxel sizes used at 4 Tesla due to signal-to-noise constraints. A voxelwise analysis revealed a spatial dependence of the nonlinearity, which was found to be correlated with the response onset.
The spatial dependence and the dependence on magnetic field of the nonlinearity index strongly support the hypothesis that the source of the deviation from linearity is dependent on tissue type. Generally, BOLD responses with early onset are attributed to gray matter tissue, and responses with late onset to a vascular origin (Lee et al., 1995) . Therefore, these data indicate that the large nonlinearity observed at short SD is likely to be exhibited in voxels of gray matter and thus closer to the origin of the neural activity.
Part of the studies was performed at high magnetic field of 7 Tesla, mainly to increase signal-to-noise and functional contrast-to-noise in order to reduce the voxel size by 20-fold, from 3.1 ϫ 3.1 ϫ 6 mm 3 to 1.2 ϫ 1.2 ϫ 2 mm 3 and to minimize partial volume effects from different tissue types contained in a voxel. The experimental results showed that the nonlinearity in the 7 Tesla data was much decreased. At first sight, this result seems to be contradictory to the conclusion from the spatial dependence analysis that the nonlinearity originates in tissue rather than in the vasculature. Because vascular signal contributions to the BOLD signal are diminished at high field and signal contributions from tissue are enhanced, one expects that the nonlinearity would also be larger at higher field.
While from this study alone it is not clear how to interpret these data, the apparent paradox may be understood by the fact that different components of the BOLD signal change with field strength. A plausible scenario is that two changes in the BOLD signal occur; an oxygenation level increase that elevates the MR signal and a volume change that reduces the MR signal. The latter offsets the former such that the total response is smaller. At 7 Tesla, the volume-related signal reduction is much more than that at 4 Tesla. It is thus likely that the nonlinear effects appear smaller at 7 Tesla even though we believe that they are from microvasculature.
When comparing the data quantitatively from the studies at different magnetic field, i.e., 7, 4, and 1.5 Tesla, one has to consider that spatial resolution, the stimulus range, and the intertrial interval were in similar range but differed in detail, which might bias the quantitative interpretation of the results. For example, we suspect that the reduced nonlinearity in the width at 4 Tesla compared to 7 Tesla might be due to the courser voxel size and partial voluming. The NL indices were also taken in reference to the BOLD response at SD max of 2.0 s (7 Tesla and 1.5 T) and 1.6 s (4 Tesla), which overestimates NL at 4 Tesla.
Our study, using decreasing durations, provides results similar to a recent study using decreasing contrast in the monkey brain (Logothetis et al., 2001) . These experiments are comparable as it can be assumed that in both paradigms the neuronal input decreases and approaches zero. Logothetis et al. found a monotonically linear relationship between neuronal signal (LFP) and the BOLD response. However, they observed a "switch"-type initial BOLD component (or a "threshold" type of nonlinearity as they called it) at the limit of zero neuronal activity.
Both the data presented here and by Logothetis et al. are consistent with a hypothesis of a "switch effect" that explains the nonlinearities at very short SD by a BOLD component R SWITCH superposed to the persistent stimulus dependent response R PERSISTENT (SD)
In our data, R SWITCH was experimentally found to be tissue specific and therefore spatially dependent. We found that the NL index was also dependent on the magnetic field, which strongly supports the notion that R SWITCH is also dependent on the magnetic field and is of hemodynamic origin. R PERSISTENT (SD) represents the normally modeled response dependent on stimulus, neural response, and blood flow (Miller et al., 2001) . R PERSISTENT (SD) itself contains neural and hemodynamic nonlinearities as described by Miller et al. To conclude, the BOLD data in this study at very short stimulus duration indicate a switch effect for the response causing a deviation from the linear model. Closer investigation demonstrated that this initial component is sharpened, i.e., has higher amplitude and smaller width at shorter stimulus duration. The effect was found to be significantly different at different magnetic fields confining the phenomenon to be of hemodynamic origin rather than neuronal. Experimentally, the switch-type response was found to be spatially dependent, as the effect is more localized to gray matter, the site of neuronal activity. Further studies are necessary to include this phenomenon in the explanation of nonlinearities in rapid event-related fMRI designs and also potential connections to refractory effects of multiple stimuli.
